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Abstract 

Gametophytic self-incompatibility (GSI) of Rosaceae, Solanaceae and Plantaginaceae is controlled by a single polynnorphic S 
locus. The S locus contains at least two genes, S-RNase and F-box protein encoding gene SLF/SFB/SFBB that control pistil and 
pollen specificity, respectively. Generally, the F-box protein forms an E3 ligase complex, SCF complex with Skpl, Cullini 
(CULl) and Rbxl, however, in Petunia inflata, SBPl (S-RNase binding proteini) was reported to play the role of Skpl and 
Rbxl, and form an SCF^'"''-like complex for ubiquitination of non-self S-RNases. On the other hand, in Petunia fiybrida and 
Petunia inflata of Solanaceae, Prunus avium and Pyrus bretsclineideri of Rosaceae, SSKl (SLF-interacting Skpl-like proteini) is 
considered to form the SCF^'"'''^''^ complex. Here, we isolated pollen-expressed apple homologs of SSKl and CULT, and 
named IVIdSSKl, IVldCUUA and MdCUUB. MdSSKl was preferentially expressed in pollen, but weakly in other organs 
analyzed, while, MdCUUA and IVIdCULIB were almost equally expressed in all the organs analyzed. MdSSKl transcript 
abundance was significantly (>100 times) higher than that of MdSBPl. In vitro binding assays showed that IVIdSSKl and 
MdSBPl interacted with IVldSFBBl-S^ and IVldCULl, and MdSFBBl-S^ interacted more strongly with MdSSKl than with 
MdSBPl. The results suggest that both MdSSKl -containing SCF^™^ and MdSBPl-containing SCF^™^-like complexes 
function in pollen of apple, and the former plays a major role. 
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Introduction 

Self-incompatibility (SI) is a widespread genetic mechanism to 
prevent self-fertilization and promote outcrossing in angiosperms. 
In Rosaceae, Solanaceae and Plantaginaceae, gametophytic self- 
incompatibility (GSI) is controlled by a single S locus with multiple 
haplotypes. If the haploid pollen tube has an S haplotype in 
common with one of the two S haplotypes of the diploid pistil, the 
pollen tube is recognized as self and rejected [1]. The 5* haplotype 
contains at least two genes, S-RNase and F-box protein encoding 
gene SLF/SFB/SFBB that control pistil and poUen specificity, 
respectively [2-9]. S-RNase is considered to play a role in rejecting 
self-pollen by acting as a cytotoxin [10-12]. The pollen-part 
recognition factor F-box gene has been considered to be a single- 
copy gene in each S haplotype for a long time, however, in the 
tribe Pyreae of Rosaceae, i.e., apple {Malus x domestica) and 
Japanese pear {Pyrus pjrifolia), two or three F-box genes, SFBBs {S 
locus F-box brothers), were implicated in poUen-part specificity 
because they show S haplotype-specific polymorphisms, linkage to 
the S locus and pollen-specific expression [13]. Subsequently, 
many more SFBBs located at the S locus region were identified in 
apple and pears [14—17]. In Petunia of Solanaceae, multiple F-box 
genes called SLFs, are also involved in self/ non-self discrimination 
of SI. Each type of SLF within an S haplotype interacted with a 



subset of non-self S-RNases to ubiquitinate them for degradation. 
Based on these findings, a 'collaborative non-self recognition 
system by multiple factors' model was proposed [18]. GSI of 
Japanese pear {Pyrus pyrifolid) is also considered to fit with the 
system like Petunia [16,19]. On the other hand, in Prunus of 
Rosaceae, a single F-box gene called SFB was reported as a poUen 
S candidate, and a 'self recognition model' by a single factor was 
proposed [6,16,20,21]. 

The F-box protein was first characterized as a component of an 
E3 ubiquitin ligase complex, SCF complex, in which the F-box 
protein binds substrates for ubiquitin-mediated proteolysis [22]. 
The canonical SCF complex comprises Skpl, Cullini, F-box 
protein and Rbxl [23] . In Antirrhinum hispanicum of Plantaginaceae, 
SLF-interacting Skpl -like 1 (AhSSKl) was reported to form a 
canonical SCF complex with SLF and CULl [24]. Subsequently, 
in Petunia hybrida and Petunia injlata of Solanaceae, and Prunus avium 
and Pyrus bretschneideri of Rosaceae, SSKl homologs were identified 
as components of the SCF complexes considered to be involved in 
GSI [25—28]. In Petunia injlata, another SLF-containing E3 
ubiquitin ligase is reported to be a noncanonical SCF-like complex 
that includes S-RNase binding proteini (SBPl) in place of Skpl 
and Rbxl [29,30]. SLF has been predicted to interact with non- 
self S-RNases to ubiquitinate them for degradation by the 26S 
proteasome [29,30]. Recently, a poUen-expressed SBPl homolog 



PLOS ONE I www.plosone.org 



1 



May 2014 | Volume 9 | Issue 5 | e97642 



5(-pSFBB ( Like) Complexes in Pollen of Apple 



of apple (MdSBPl) was identified for the first time in Rosaceae 
[31]. MdSBPl includes a RING-HC domain and interacts with S- 
RNase, as for SBPl homologs in Solanaceae; however, it stiU 
remains unclear whether MdSBPl is a component of an SCF-like 
complex involved in GSI. In Rosaceae, both two putative E3 ligase 
complexes, i.e., SBPl -containing SCF-like complex and SSKl- 
containing SCF, exist in pollen within a species have not been 
reported. The functions of SBPl and SSKl are an intriguing issue 
to be addressed in order to understand the biochemical 
mechanism of self/non-self S-RNase recognition by E3 ligase 
complexes. 

As the first step toward understanding the molecular mechanism 
of the S-RNase-based GSI of Rosaceae, we aimed to identify 
putative members of the GSI-related E3 (-like) complex(es) of 
apple. Here, we isolated apple homologs of SSKl and CULls from 
pollen RNA by RT-PCR, and named them MdSSKl, MdCULlA 
and MdCULlB. Then, we examined the binding of MdSSKl and 
MdSBPl with MdCULls and MdSFBBl -5^ a candidate for 
pollen S [14,16]. In vitro binding assays showed that both MdSSKl 
and MdSBPl interacted with MdSFBBl-5'^ and MdCULl, 
suggesting that both MdSSKl and MdSBPl would form SCF'^™ 
(-like) complexes with MdSFBB and MdCULl in pollen of apgle. 
We discuss the putative functions of the two types of SCF^ ™ 
(-like) complexes in S-RNase-based GSI of apple. 

Results 

Isolation of Pollen-expressed SSKl and CULl Homologs 
from Apple 

We obtained an apple SSKl homolog by RT-PCR using apple 
pollen and named it MdSSKl (Figure 1, SI). The amino acid 
identities among SSKl proteins were 30.6-98.8% (Table 1). 
Phylogenetic analysis revealed that MdSSKl fell into a mono- 
phyletic clade of SSKl homologs of Rosaceae (Figure 2, SI). 
Sequence analysis showed that MdSSKl included two probable 
protein-protein interaction domains, Skpl-POZ and Skpl do- 
mains (Figure 1), the same as solanaceous and rosaceous SSKl 
proteins [24-27]. The Skpl-POZ and Skpl domains were 
reported to interact with CULl and the F-box domain, 
respectively [32,33]. 

We also obtained two CULl homologs by RT-PCR using apple 
pollen RNA and named them MdCULlA and MdCULlB (Figure 
S2 and S3). The two MdCULls showed 68.5% amino acid 
identity (Table SI). The amino acid identities among CULl 
proteins were 58.4~99.4% (Table SI). Sequence analysis showed 
that MdCULlA and MdCULlB included a NEDD8 domain 
implicated in E3 ligase activity [34,35], like solanaceous and 
rosaceous CULl proteins (Figure S3). 

Expression Patterns of MdSSKl and MdCULls 

RT-PCR analysis revealed that MdSSKl was preferentially 

expressed in pollen (Figure 3A). Using 25 cycles of PCR 
amplification, MdSSKl seemed to be specifically expressed in 
pollen, and with 30 cycles, signals of MdSSKl were observed 
strongly in pollen, but weakly in other organs analyzed. RT-PCR 
analysis showed that MdCULls were expressed in all organs 
analyzed (Figure 3A). To compare the expression levels MdSSKl 
and MdSBPl in pollen, absolute qRT-PCR was performed. The 
result showed that MdSSKl transcript abundance was significandy 
(>100 times) higher than that ot MdSBPl (P<0.05) (Figure 3B). 

Interactions of MdSFBB1-S^ with MdSSKl and MdSBPl 

We examined die interaction of MdSFBB 1-6"^ with MdSSKl 
and MdSBPl using an in vitro binding assay. In the tribe Pyreae of 



Rosaceae, many pollen S candidate genes [SFBB] were identified 
[13-17,36]. Among SFBB genes, the Pyrus pyrifolia SFBBl-S^ 
{PpSFBBl-S^/S*F-boxO) gene was most strongly supported as a 
pollen S by mutant analysis. 6*''™ pollen lacking PpSFBBl-S^ of a 
Japanese pear mutant 'Osa-Nijisseiki' [37] was rejected by the 
pistil harboring not only the self 6* but also the non-self S^ 
haplotype, suggesting that PpSFBBl-S* would be required for 
degradation of non-self 6'' -RNase [16,19]. Because MdSFBB 1-5^ 
is a probable ortholog of PpSFBBl-6*, we used MdSFBB 1 -5* for 
protein-protein interaction analyses. It was reported that the 
interaction between F-box protein and Skpl of the SCF complex is 
mediated through the F-box motif of the F-box protein [38]; 
therefore, we used the part of the protein (amino acid residues 1- 
61), N-terminal region containing F-box motif of MdSFBBl-^" 
named MdSFBB 1 -5 -N, for the binding assay in addition to full- 
length MdSEBBl-^-*^. MBP-fused MdSSKl (MBP: MdSSKl), 
MBP-fused MdSBPl (MBP: MdSBPl) and MBP (negative control) 
proteins were expressed in E. coli and reacted with amylose resin. 
The recombinant protein-bound beads were then incubated with a 
crude extract of E. coli expressing GST-fused and FLAG-tagged 
MdSFBB 1-5^ (GST: MdSFBB 1-5^: FLAG) or GST-fused 
MdSFBB 1-5^-N (GST: MdSFBB l-^'^-N: FLAG). Fluted proteins 
were separated by SDS-PAGE and detected using anti-FLAG 
antibody. The results showed that both MdSSKl and MdSBPl 
interact with MdSFBB 1-5'® and MdSFBB l-i'^-N (Figure 4A). 
Because MdSFBB 1-5® and MdSFBB l-5®-N seemed to interact 
more strongly with MdSSKl than with MdSBPl, a competitive 
pull-down assay between the recombinant proteins was conducted. 
GST: MdSFBB 1-5® FLAG, GST: MdSFBB l-^^-N: FLAG and 
GST (negative control) proteins were reacted with Glutathione 
Sepharose 4B and incubated with a protein mixture of MBP: 
MdSSKl and MBP: MdSBPl. The result revealed that MdSSKl 
exhibits a stronger interaction affinity to MdSFBB 1-5® and 
MdSFBB l-5®-N than MdSBPl (Figure 4B). Because MdSFBB 1- 
5®-N seemed to interact more strongly with MdSSKl and 
MdSBPl than MdSFBBl-5®, this possibiht>' was examined by a 
competitive pull-down assay. MBP: MdSSKl, MBP: MdSBPl and 
MBP (negative control) proteins were reacted with amylose resin 
and incubated with an equal amount protein mixture of GST: 
MdSFBB 1-5®: FLAG and GST: MdSFBB l-5®-N: FLAG. Taken 
into account the calculated molecular mass of GST: MdSFBB 1-5®: 
FLAG and GST: MdSFBB l-5®-N: FLAG, 74 kDa and 35 kDa, 
respectively, 4.5 \ig of GST: MdSFBBl-5®: FLAG and 2.1 Hg of 
GST: MdSFBB l-5®-N: FLAG were used. The result showed that 
MdSFBB 1 -5 ®-Nhad higher affinity than MdSFBB 1-5® for binding 
to MdSSKl and MdSBPl (Figure 4C). 

Interactions of MdCULls with MdSSKl and MdSBPl 

To examine the binding of MdCULls with MdSSKl and 
MdSBPl, in vitro binding assays were conducted. GST: MdSSKl, 
GST: MdSBPl and GST (negative control) proteins were reacted 
with Glutathione Sepharose 4B. MdCULlA: FLAG and 
MdCULlB: FLAG proteins were expressed using wheat germ 
extracts and incubated with the protein-bound Glutathione 
Sepharose 4B. The results showed that MdSSKl interacts with 
MdCULlA, but not with MdCULlB, whereas, MdSBPl inter- 
acted with both MdCULlA and MdCULlB (Figure 5A, B). 
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Figure 1. Amino acid sequence alignment of MdSSKl and plant Skp1-like proteins. Amino acid sequences were aligned using Clustal W. 
MdSSKl (AB898683), PbSSKl (CCH26218), PbSSK2 (CCH26217), PavSSKl (AFJ21661), PiSSKl (AEE39461), PhSSKl (ACT35733), AhSSKl (ABC84199), 
ASKl (NP565123), ASK2 (NP_568603) were from Malus x domestica, Pyrus bretschneideri, Pmnus avium, Petunia inflata, Petunia hybrida, Antirrhinum 
hispanicum and Arabidopsis thaliana, respectively. Conserved sites and relatively conservative sites are marked with asterisks and dots, respectively. 
Arrows represent the secondary structure. S: (3-sheet; H: a-helix, predicted by Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2). The Skpl-POZ and Skpl 
domains detected by Pfam (http://pfam.sanger.ac.uk) are denoted by lines. 
doi:1 0.1 371 /journal.pone.0097642.g001 
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Figure 2. Neighbor-joining tree of MdSSKI and other plant S1<p1-lil(e proteins. The tree was constructed based on the aligned deduced 
amino acid sequences from apple (MdSSKI), Pyrus bretschneideri (PbSSKI, PbSSK2), Prunus avium (PavSSKI, PavPSKI), Petunia (PiSSKI, PhSSKI), 
Antirrhinum (AhSSKI) and Arabidopsis (ASK1-21). The tree was generated with 1000 bootstrap replicates. 0SK1 (L0C_0s1 1g26910) was defined as the 
outgroup. 

doi:1 0.1 371 /journal.pone.0097642.g002 
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Discussion 

MdSSKI and MdSBPI may form Canonical and 
Noncanonical SCF Complexes, Respectively, with 
MdSFBBI and MdCULI in Pollen of Apple 

We isolated an SSKl homolog [MdSSKl) of apple. MdSSKI was 
preferentially expressed in poUen, but weakly in other organs 
analyzed, whereas, MdSBPl was almost equally expressed in all 
organs analyzed [31]. The expression pattern of AldSBPl was the 
same as Solanaceous SBPl homologs [29,39-41], suggesting that 
MdSBPl may also be involved in general cellular functions besides 
pollination [31]. The expression pattern of MdSSKI was slighdy 
dilferent from other SSKl genes of Rosaceae, Solanaceae and 
Plantaginaceae. The SSKl genes of Pjms bretschneideri of Rosaceae, 
Petunia hybrida and Petunia injlata of Solanaceae and Antirrhinum 
hispanicum of Plantaginaceae were reported to show pollen or 
anther-specific expression patterns [24,25,27,42]. In Prunus of 
Rosaceae, PavSSKl was expressed strongly in pollen and anthers, 
but weakly in styles, suggesting that PavSSKl serves as an adaptor 
for not only PavSFB but also PavSLFLl expressed in pollen, 
anthers and styles [26] . The expression pattern of MdSSKI suggests 
that MdSSKI mainly, but not exclusively, functions in poUen. 

In vitro binding assays revealed that both MdSSKI and MdSBPl 
interact with MdSFBBI -5^ and MdSFBBI -,S''-N. MdSSKI and 
MdSBPl interacted more strongly with MdSFBBl-5^-Nthan with 
MdSFBBI -^-^ Given that MdSFBBl-5^-N almost corresponds to 
the F-box domain, this is possibly because MdSSKI and MdSBPl 
interact with MdSFBBI .5'' through the F-box domain of 
MdSFBBI -5^, and the conformation of bacterially expressed 
MdSFBBI -5^ was different from that of the native state, affecting 
binding of the F-box motif with SSK and SBP 1 . The interaction 
between the F-box protein and Skpl of the SCF complex is known 
to be mediated through the F-box motif [38] . The finding that a 
truncated SLF of Petunia injlata {PiSLF-^ without the F-box domain 
expressed in 6^5^ plants did not cause breakdown of SI in 5'^poUen 
[42], whereas, the full-length PiSLF2 did [43], suggests that the F- 
box domain of PiSLFg is required for GSI [42] . The F-box domain 
of PiSLF2 was reported to interact with PiSBPl in a yeast two- 
hybrid assay [42]. These findings are consistent with our data in 
apple proteins that the F-box domain of MdSFBBI -5^ may be 
important for binding to MdSSKI and MdSBPl. 

MdSSKI interacted with MdCULlA but not with MdCULlB, 
whereas, MdSBPl interacted with both MdCULlA and 
MdCULlB by in vitro binding assays. The N-terminal domain 
(NTD) of human CULl is reported to bind the human Skpl [33]. 
The C-terminal domains (CTDs) of MdCULlA and MdCULlB 
are fairly well conserved, however, their NTDs are very different 
(Figure S4). Divergence at the NTDs of MdCULlA and 
MdCULlB may be responsible for the difference in the affinities 
of the proteins with MdSSKI. A pollen-expressed CULl gene of 
Solanum is considered to be involved in unilateral interspecific 
incompatibility (UI) and SI [44,45]. Generally, UI occurs in 
crosses between self-incompatible (SI) and self-compatible (SC) 
species. Pollen of SI species are compatible with the SC pistil, but 
not vice versa (SI x SC rule) [46] . The pollen of SI species of Solanum 
express functional CULl genes, whereas, SC species shared the 
same loss-of-function mutations, even though the poUen fertilities 
of SC species are normal [44]. CZ7i7 -reduced pollen of transgenic 
plants obtained by introducing LAT52-CULl-RNAi to SI S. arcanum 
was selectively eliminated on non-transgenic SI pistils, but it was 
not rejected on S-RNase-deficient SC pistils [45]. The results 
suggest that the functions of CULl genes of Solanum species might 
have diverged evolutionarUy, and SI species of Solanum shared 
CULl specialized for degradation of S-RNases in addition to 
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Figure 3. Expression analyses of MdSSKl, MdSBPl anA MdCULIs. (A) RT-PCR analysis of the expression of MdSSKl and MdCULIs. MdSSKl and 
MdCULls were amplified by RT-PCR. The PCR cycle numbers are given in parentheses. RT, reverse transcriptase; Lf, leaf; Pd, pedicel; Sp, sepal; Pt, petal; 
Pg, pollen grain; Ov, ovary; St, style. (B) Transcript abundances of MdSSKl and MdSBPl in apple pollen. The mRNA copy numbers per |ig total RNA of 
MdSSKl and MdSBPl were determined by qRT-PCR, respectively. Mean ± SE of three biological replicates are shown. *, Mean is significantly different 
(P<0.05) by Student's f test. 
doi:1 0.1 371 /journal.pone.0097642.g003 



other CULl homologs for general functions. Our finding that tlie 
interaction partner(s) of MdCULIA and MdCULlB are different 
may also reflect the functional divergence of the two CULl 
proteins. 

Putative Functions of MdSSKl -containing SCF^''^^ and 
MdSBPl -containing SCF^'^^^-like Complexes in Apple 

The results of protein-protein interaction analyses suggest that 
MdSSKl and MdSBPl form canonical and noncanonical SCF- 
like complexes, respectively, with MdSFBEl-j* and MdCULl 
within poUen of apple; however, the functions of the two 



SCF*™'"(-like) complexes in GSI of apple are unclear at present. 
In Petunia inflata, PiSBPl interacted with PiSLFl-iS'2 and PiCULl- 
G, suggesting that PiSBPl would be a component of a 
noncanonical E3 ligase complex, which interacts with non-self S- 
RNases to ubiquitinate them for degradation [29]. Structural 
similarity of PiSBPl and the apple homolog MdSBPl [31], 
together with the results of m vitro binding assays of this study, may 
suggest that MdSBPl forms noncanonical SCF complex like 
PiSBPl. In Petunia /lyhrida, functional analyses of PhSSKl using 
RNAi plants {LAT5 2 -PhSSKl -RNAi) revealed that a substantial 
reduction of PhSSKl in transgenic poUen reduced cross-poUen 
compatibility, although the transgenic plants retained SI [25], 
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Figure 4. In vitro binding assays of MdSSKl and MdSBPl with MdSFBBI-i* and MdSFBBI-i'-N. (A) Interactions of MdSSKl and MdSBPl 
with MdSFBBI -S^ and MdSFBBI -S -N. MBP: MdSSKl , MBP: MdSBPl and MBP (negative control) were reacted with amylose resin. These beads bound 
recombinant proteins were incubated with GST: MdSFBBI -S': FLAG and GST: MdSFBBI -S'-N: FLAG. Fluted proteins were separated by SDS-PAGE and 
detected using an anti-FLAG antibody (top). Protein loading was checked by Ponceau-S staining of the blot before immunoblotting (bottom). Single, 
double and triple asterisks, indicate MBP: MdSBPl, MBP: MdSSKl and MBP, respectively. Diamonds indicate non-specific signals. (B) Competitive pull- 
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down assay of MdSFBB1-S' and MdSFBBI-S'-N with MdSSKI and MdSBPI. GST: MdSFBBI-S': FLAG, GST: IVIdSFBB1-S''-N: FLAG and GST (negative 
control) were reacted with Glutathione Sepharose 4B. These sepharose bound recombinant proteins were incubated with an equal amount protein 
mixture of MBP: MdSSKI (15 |ig) and MBP: MdSBPI (15 |jg). Fluted proteins were separated by SDS-PAGE and detected using an anti-MBP antibody 
(top). Protein loading was checked by Ponceau-S staining of the blot before immunoblotting (bottom). Single, double and triple asterisks, indicate 
GST: MdSFBB1-S^: FLAG, GST: MdSFBBI-S'-N: FLAG and GST, respectively. Opened and closed arrows indicate MBP: IVIdSBPI and MBP: MdSSKI, 
respectively. Diamonds indicate the probable truncated GST: MdSFBB1-S': FLAG. (C) Competitive pull-down assay of MdSSKI and MdSBPI with 
MdSFBB1-S' and MdSFBBI-S'-N. MBP: MdSSKI, MBP: MdSBPI and MBP (negative control) were reacted with amylose resin. These beads bound 
recombinant proteins were incubated with a protein mixture of approximately equal molecular numbers of GST: MdSFBB1-S': FLAG (74 kDa, 4.5 |ig) 
and GST: MdSFBBI-S'-N: FLAG (35 kDa, 2.1 ng). Fluted proteins were separated by SDS-PAGE and detected using an anti-FLAG antibody (top). Protein 
loading was checked by Ponceau-S staining of the blot before immunoblotting (bottom). Single, double and triple asterisks, indicate MBP: MdSBPI, 
MBP: MdSSKI and MBP, respectively. Opened and closed triangles indicate specific GST: MdSFBB1-S': FLAG and GST: MdSFBBl-S^-N: FLAG signals, 
respectively. 

doi:1 0.1 371/journal.pone.0097642.g004 
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Figure 5. In vitro binding assays of MdSSKI and MdSBPI witli MdCULIs. The interactions of MdCULIs with MdSSKI (A) and MdSBPI (B) 
were tested. GST: MdSSKI, GST: MdSBPI and GST (negative control) were expressed in £ coli and reacted with Glutathione Sepharose 4B. These 
sepharose bound recombinant proteins were incubated with MdCULlA: FLAG and MdCULlB: FLAG expressed in a cell-free system. Fluted proteins 
were separated by SDS-PAGE and detected by using an anti-FLAG antibody (top). Protein loading was checked by Ponceau-S staining of the blot 
before immunoblotting (bottom). Single and double asterisks indicate the GST-fusion protein and GST, respectively. 
doi:1 0.1 371/journal.pone.0097642.g005 
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suggesting that the PhSSKl -containing SCF complex is involved 
in degradation of non-self S-RNases. MdSSKl- and MdSBPl- 
containing SCF^™^' (-like) complexes may also be involved in the 
degradation of non-self S-RNases in pollen of apple. In vitro 
binding assays showed that MdSFBBl-S"'^ and MdSFBBl-5^-N 
interacted more strongly with MdSSKl than with MdSBPl, 
suggesting that, in apple pollen, MdSSKl -containing SCF^™^ 
complexes plays a major role, which is likely to be in the 
degradation of non-self S-RNases. The higher abundance of 
MdSSKl transcripts than MdSBPl transcripts would also support 
the idea. Recent co-immunoprecipitation assays using pollen 
extracts oi Petunia inflata detected PiSSKl but not PiSBPl as the 
co-purified protein with PiSLF [28]. Like in the case of apple, this 
is possibly because PiSSKl have higher affinity than PiSBPl for 
binding to PiSLF, and/or PiSSKl is more abundant than PiSBPl 
in pollen. 

Recent studies provide evidence that SBPl may have other 
functions besides self/non-self discrimination in S-RNase-based 
GSL SBPl of Petunia hyhrida, PhSBPl, could be a candidate for the 
non-allele-specific inhibitor of all S-RNases because it showed no 
polymorphism in different 5* alleles [30,39]. SBPl ofMcotiana alata, 
NaSBPl, was reported to interact with the C -terminal domain of 
pistil arabinogalactan proteins (AGPs), transmitting tract-specific 
glycoprotein (TTS) and 120-kDa glycoprotein (120K), suggesting 
that binding between NaSBPl and the pistU AGPs may contribute 
to signaling and trafficking processes inside pollen tubes [41]. 
MdSBPl and solanaceous SBPl homologs were expressed in all 
tissues examined, and the proteins included the same protein- 
protein interaction domains, RING-HC finger motif and coiled- 
coil region [31], suggesting that MdSBPl may also function 
besides self/ non-self discrimination like as SBPl homologs of 
Solanaceae. 

In S-RNase-based GSI, two different systems are proposed, 
'collaborative non-self recognition system by multiple factors' for 
Solanaceae [18] and rosaceous tribe Pyreae [16,19], and 'self 
recognition system by a single factor' for Pmnus of Rosaceae 
[16,20,21]. The 'collaborative non-self recognition system by 
multiple factors' is consistent with 'competitive interaction (CI)' 
known to be a phenomenon that coexistence of different pollen S 
alleles in a pollen grain causes breakdown of pollen SI function 
[43,47]. For example, a tetraploid plant with S's'S^^ genotype 
produces three 5-genotypes of pollen {S^S^, S^S^ and S^S^), and 
S^S^ and !?S^ pollen are rejected by the self pistil, but S^^ pollen is 
accepted. In 5' 5^ heteroaUelic pollen, pollen 5' and S^ proteins 
would target non-self S^-RNase and S'-RNase, respectively. The 
CI phenomenon was reported in the tribe Pyreae of Rosaceae, 
Petunia of Solanaceae and Antirrhinum of Plantaginaceae, but not in 
Pmnus of Rosaceae [6,43,48-,52]. In Pmnus, most pollen-part self- 
compatibility (SC) mutants encode a truncated SFB protein or lack 
the SFB gene [20,21,53-56]. These findings suggest that the 
species of Pmnus exhibit the 'self recognition system by a single 
factor' [1 6,20,2 1] . This model postulates that, in Pmnus, non-self S- 
RNase is inactivated by an unidentified 'general inhibitor', while 
self S-RNase is protected by SFB. The protected self S-RNase 
would degrade RNA in a self pollen tube to prevent growth. It 
seems that the pollen S functions of the tribe Pyreae and Pmnus of 
Rosaceae are different, although SSKl homologs of the tribe 
Pyreae and Pmnus are suggested to form similar gQpSFBB/SFB 
complexes [26,27]. Further biochemical characterization and 
comparative analyses of the functions of SSKl- and SBPl- 
containing SCF(-like) complexes in S-RNase-based GSI plants 
would shed light on the difference in the two self/non-self 
recognition systems of S-RNase-based GSI. 



Materials and Methods 

Plant Materials 

Leaves and fforal organs of apple cultivar 'Kitaro' (6''' 6*^) were 
collected in spring, frozen in liquid nitrogen, and stored at — 80°G 
until use. 

Isolation of cDNA Sequences 

RNA was isolated from the leaves and floral organs of apple as 
described by [10]. Total RNA samples were treated with DNasel 
(Nippongene). cDNA was synthesized from the treated RNA as 
described by [10], and used for RT-PCR. 

A full-length coding sequence (MdSSKl) homologous to PavSSKl 
[26] was selected from the apple genome database for Rosaceae 
(http://www.rosaceae.org), and the sequence was amplified using 
die primer pair MdSkplr2 (5'-TGAATCCATCCGAAAAC- 
GAC-3') and MdSkpll2 (5'-GTAACTTTCCTTCAAATTATA- 
TAT-3') with pollen cDNA from apple as a template. The DDBJ/ 
GenBank/EMBL accession number oi MdSSKl is AB898683. 

Two different cDNA sequences [MdCULlA and MdCULlB) 
homologous to solanaceous CULl were selected from the apple 
genome database for Rosaceae and the primers were designed. 
The full-length coding sequences were amplified using the primers 
FMdcull (5'-ATTGTAGTGGGASGGTAGCG-3') and 
RMdcullSl (5'-TGACGTCGACGGCAAG ATACTTGAA- 
CATG-3') for the first sequence [MdCULlA), and 
MDP0000302895utr (5'-CCTCACAATTCTCCGGCAG-3') 
and MDP0000302895utf (5'-TATATCAAGAGTCAAA- 
GACTCG-3') for the second {MdCULlB) with pollen cDNA of 
apple as a template. The DDBJ/GenBank/EMBL accession 
numbers of MdCULlA and MdCULlB are AB898684 and 
AB898685, respectively. 

The amino acid identities among SSKl or CULl proteins were 
analyzed using GENETYX-MAC (version 17; Genet)^^). The 
amino acid sequences of SSKl or CULl proteins were aligned 
using Clustal W [57]. A neighbor-joining tree was constructed [58] 
based on the alignment using MEGA ver. 5.05. [59]. 

RT-PCR and Quantitative Real-time PCR (qRT-PCR) 

The expression levels of MdSSKl, MdCULlA and MdCULlB 
were analyzed by RT-PCR with gene-specific primers for MdSSKl 
(MdPpSkp IBamfi 5 '-CGGGATCCATGTCGACCGAGGA- 
GAAGA-3' and MdPpSkplEcoRIr: 5'-CGGAATTCT- 
CAGTCTTCATCGACTCCTT-3'), MdCULlA (FMdcullBm: 
5'-CGCGGATCCATGGAGCGCAAAGTTATTGAG-3' and 
RMdcullSl: 5'-TGACGTCGACTCAGGCA\GATACTTGAA- 
CATG-3') and MdCULlB (MDP0000302895utr: 5'-CCTCA- 
CAATTCTCCGGCAG-3' and MdCULlBmidr: 5'-ATGG- 
CAGCACCGTTGTGGTTACA-3'). Efl-a. used as a control 
was amplified using primers en-af2 (5'-ATTGTGGTCATTG- 
GYCAYGT-3') and efl-arl (5'-CCTATCTTGTAVA- 
CATCCTG-3'). 

Transcript abundances of MdSSKl and MdSBPl in pollen were 
measured by qRT-PCR with KOD SYBR qPCR Mix (Toyobo) 
using each gene specific primers for MdSSKl 
(MdSSKl qPCRfl:5'- AGTTCCAGACCGTCAAGTC -3' and 
MdSSK 1 qPCRr 1 :5 '-TTAACTCCCTGACGAAATCG-3 '), and 
MdSBP 1 (MdSBP 1 qPCRf 1 : 5 ' -C GGATGGC AGC GATAATTG- 
3' and MdSBPlqPCRrl:5'-CCTGTAGAAGCCATTCGAG-3'). 
Data were collected using ABI PRISM 7000 sequence detection 
system (Applied Biosystems) in accordance with the instruction 
manual. The cDNA sequences of the two genes were cloned into 
vector pEU3-NII (Toyobo). The plasmid DNA containing the two 
genes was used to generate standard curves for absolute 
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quantification. Cp values for each sample were converted into 
absolute copy numbers (x) using the standard curves (x = (y 
intercept - Cx)/ slope). 

Construction of Plasmids 

The fijU-lengdi coding sequence oiMdSFBBl-S^ [14,16] and the 
partial cDNA sequence for the N-terminal region containing the 
F-box motif: oiMdSFBBl-S^rmmed MdSFBBl-S^-JV were amplified 
using primers for Afa'S'^BSi-^^ (MdFBXieBmfSiS'-CGGGATG- 
CATGTTCCAGGTGCGTGAAAGT-S' and MdFBXlSnostp- 
Sper: 5'-CGGACTAGTCTTGACTGGAACAATACTTTC-3') 
and for MdSFBBl-S^-JV (MdFBX16Bmf2:5'-CGGGATC- 
CATGTTCCAGGTGCGTGAAAGT-3' and MdFBX16motif- 
Sper: 5'-CGGACTAGTGGATGATGATAGTTTGTTGTC-3') 
from an apple BAG 21M5 [14]. The coding sequence of 
glutathione S-transferase (GST) was c:l{)ned into \'ect()r pColdIV 
(Takara Bio) to produce pColdlVGST. The Bamiil-Spel fragment 
of MdSFBBl-S\r MdSFBBl-S^-Mand a Spel-Hindlll fragment for 
FLAG tag (DYKDDDDK) were then cloned into the BamHI and 
Hindlll sites of pColdlVGST to produce pColdGSTMdSFBBl- 
5'''FLAGand pColdGSTMdSFBBl-5^-NFLAG for expression of 
GST-fused and FLAG-tagged MdSFBBl-5* and MdSFBBl-i'^-N 
proteins (GST: MdSFBB 1-5^: FLAG and GST: MdSFBBl-5'^-N: 
FLAG), respectively. 

The full-length coding sequence of MdSSKl was amphfied using 
primers MdPpSkpIBamf (5'-CGGGATCCATGTCGACCGAG- 
GAGAAGA-3') and MdPpSkplEcoRIr (5'-CGGAATTCT- 
CAGTCTTCATCGACTCCTT-3') and was then cloned into 
vector pColdlVGST at the BamHI and Eco^il sites to produce 
pColdGSTMdSSKl for the expression of GST-fused MdSSKl 
protein (GST: MdSSKl). To produce maltose binding protein 
(MBP)-fused MdSSKl protein (MBP: MdSSKl), the BamHI-Xbal 
fragment of MdSSKl released from the pColdGSTMdSSKl 
construct was cloned into vector pColdllMBP [31] 
(pColdMBPMdSSKl). 

To produce MBP-fused MdSBPl protein, the full-length coding 
sequence of MdSBPl was cloned into vector pColdllMBP [31] to 
construct pColdMBPMdSBPl. The BamHI-Xbal fragment of 
MdSBPl released from the pColdMBPMdSBPl construct was 
cloned into vector pColdlVGST to make pColdGSTMdSBPl for 
expression of GST-fused MdSBPl protein (GST: MdSBPl). 

The full-length coding sequences of MdCULlA and MdClJLlB 
were amphfied by PCR using primers; FMdcullXba (5'- 
GCTCTAGAATGGAGCGCAAAGTTATTGAG-3 ') and 
RMdcullNostpSpe (5'- CGGACTAGTGGCAAGATACTT- 
GAACATGTTG-3') for MdCULlA, and XbaEcoVMDP302895f 
(5 ' -GCTCTAGAGATATC ATGAGTGTGGAGTC AGGTAG- 
3') and XbaMDP302895nostpr (5'-GCTCTAGACGCAAGA- 
TACTTAAACAAGTTAC-3') for MdCULlB. The Xbal-Spel 
fragment of MdCULlA and a SpA-BamHl fragment of the coding 
sequence of FLAG tag were cloned into the Spel and BamHI sites 
of vector pEU3-NII (Toyobo) (pEUMdCULlAFLAG) for expres- 
sion of FLAG-tagged MdCULlA protein (MdCULlA: FLAG). 
To produce FLAG-tagged MdCULlB protein (MdCULlB: 
FLAG), the coding sequence of MdCULlA released from 
pEUMdCULlAFLAG was replaced with tiiat of MdCULlB 
(pEUMdCUL 1 BFLAG) . 

Pull-down Assays 

Constructs, except for pEU3MdCULlAFLAG and pEU3Md- 
CULl BFLAG, were introduced into BL21 (DE3) pLysS (Nova- 
gen) and cultured and induced a.s described in [31]. pColdllMBP 
and pColdlVGST were also transferred to BL2 1 (DE3) pLysS for 
the expression of MBP and GST, respectively, as negative controls 



in die pull-down assay. MBP: MdSSKl, MBP: MdSBPl and MBP 
were extracted from bacteria by sonication, and reacted with 
amylose resin (New England BioLabs) in binding bufier [31]. 

Crude proteins of GST: MdSFBBl ^^: FLAG and GST: 
MdSFBBl .S^-N: FLAG were extracted from bacteria and 
incubated with protein-bound amylose resin at 4°C for 2 hours. 
For a competitive pull-down assay of MdSSKl and MdSBPl with 
MdSFBBl-^'^ and MdSFBBl-^^-N, a recombinant protein mix- 
ture of GST: MdSFBBl -5'': FLAG and GST: MdSFBBl-6'''-N: 
FLAG were incubated with protein-bound amylose resin. Taken 
into account the calculated molecular mass of GST: MdSFBBl-iS' : 
FLAG and GST: MdSFBBl-.S'^-N: FLAG, 74 kDa and 35 kDa, 
respectively, 4.5 ng of GST: MdSFBBl-i'^: FLAG and 2.1 |.lg of 
GST: MdSFBBl-5*-N: FLAG were used. The bead.s were washed 
five times with washing buffer [31], and the proteins were eluted 
from the beads using maltose-containing native elution buffer 
(20 mM Tris-HCl pH 7.5, 0.2 M NaCl, 1 mM EDTA, 10 mM 
maltose). The eluted proteins were separated by SDS-PAGE and 
detected using an anti-FLAG M2 monoclonal antibody (SIGMA). 

For the next competitive puU-down assay of MdSFBBl .S%nd 
MdSFBBl-6''^-Nwith MdSSKl and MdSBPl, GST: MdSFBBl- 
5^: FLAG and GST: MdSFBBl-i'^-N: FLAG were reacted with 
Glutathione Sepharose 4B (GE Healthcare). Equal amounts of 
recombinant protein mixture of MBP: MdSSKl (15 Hg) and MBP: 
MdSBPl (15 |J,g) were incubated with protein-bound Glutathione 
Sepharose 4B. The beads were washed five times with washing 
buffer [31], and the proteins were eluted from the beads using 
glutathione-containing native elution buffer (50 mM Tris-HCl 
pH 8.0, 10 mM reduced glutathione). The eluted proteins were 
separated by SDS-PAGE and detected using an anti-MBP 
monoclonal antibody (HRP-conjugated) (New England BioLabs). 

pEU3MdCULlAFLAG and pEU3MdCULl BFLAG constructs 
were used for in vitro transcription with T7 RNA polymerase. The 
transcripts were then in vitro translated using wheat germ extracts 
(CellFree Sciences) at 25°C for 24 h. The translation products 
were used for the pull-down assay. Crude proteins of GST: 
MdSSKl, GST: MdSBPl and GST were reacted with Glutathi- 
one Sepharose 4B. The MdCULlA: FLAG and MdCULlB: 
FLAG proteins were incubated with protein-bound Glutathione 
Sepharose 4B at 4°C for 2 hours. The beads were washed five 
times with washing buffer [31], and the proteins were eluted from 
the beads using 2 x SDS loading buffer [31]. The eluted proteins 
were separated by SDS-PAGE and detected using an anti-FLAG 
M2 monoclonal antibody (SIGMA). 

Supporting Information 

Figure SI Amino acid sequence alignment of MdSSKl and 
plant Skpl-like proteins. Amino acid sequences were aligned using 
Clustal W. MdSSKl (AB898683), PbSSKl (CCH26218), PbSSK2 
(CCH26217), PavSSKl (AFJ21661), PavPSKl (AFJ21662), 
PiSSKl (AEE39461), PhSSKl (ACT35733), AhSSKl 
(ABC84199), ASKl (NP_565123), ASK2 (NP_568603) ASKS 
(NP_565604), ASK4 (NP_564105), ASK5 (NP_567091), ASK6 
(NP_566978), ASK7 (NP_566693), ASK8 (NP_566692), ASK9 
(NP_566694), ASKIO (NP_566695), ASKll (NP_567959), 
ASK12 (NP_567967), ASK13 (NP_567090), ASK14 
(NP_565296), ASK15 (NP_566773), ASK16 (NP_565297), 
ASK17 (NP_565467), ASK18 (NP_563864), ASK19 
(NP_565295), ASK20 (NP_566058), ASK21 (NP_567113) and 
OSKl (LOC_Osllg26910) were from Malus x domestica, Pyrus 
bretschneideri, Primus avium, Petunia inflata, Petunia hyhrida, Antirrhinum 
hispanicum, Arabidopsis thalima and Oryza sativa, respectively. 
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Conserved sites and relatively conservative sites are marked with 

asterisks and dots, respectively. 

(PPTX) 

Figure S2 Neighbor-joining tree of MdCULls and other plant 
CUL-like proteins. The tree was constructed based on the aligned 
deduced amino acid sequences from apple (MdCULlA, 
AB898684; MdCULlB, AB898685), Pyra.f bretschneideri (PbCULl, 
CCH26221), sweet chern,' (PavCULlA, AFJ21664; PavCULlB, 
AFJ21665), Petunia (PiCULlG, ABB77429; PiCULlC, 
ABB77428; PhCULl, ACT35735), Solanum pennellii (SpCULl, 
ADU60534), Arabidopsis (AtCULl, NP_001031575; AtCUL2, 
NP_171797; AtCUL3A, NP_1 74005; AtCUL3B, NP_177125; 
AtCUL4, NP_568658) and rice (OsCULl-like, LO- 
C_Os01g27150; OsCUL3-like, LOC_Os02g51180; OsCUL4- 
like, LOC_Os03g57290). The tree was generated with 1000 
bootstrap replicates. ScCDC53 (NP_010150) was defmed as the 
outgroup. 
(PPTX) 

Figure S3 Amino acid sequence alignment of MdCULl and 
other plant CUL-like proteins. Amino acid sequences were aligned 
using Clustal W. Conserved sites and relatively conservative sites 
are marked with asterisks and dots, respectively. The NEDD8 
domain detected by Pfam (http://pfam,sanger.ac.uk) is denoted by 
a line. Abbreviations: Md, Malus x domestica; Pb, Pyrus bretschneideri; 
Pav, Prunus avium; Pi, Petunia inflata; Ph, Petunia hybrida; Sp, Solanum 
pennellii; At, Arabidopsis thaliana; Os, Oryza saliva and Sc, Saccharo- 
myces cerevisiae. Accession numbers: PbCULl (CCH26221), Pav- 

References 

1. de Nettancourt D (2001) Incompatibility and incongruity in wild and cultivated 
plants. Berlin: Springer- Verlag. 

2. Franklin-Tong VE (2008) Self-incompatibility in flowering plants - evolution, 
diversity', and mechanisms. Berlin: Springer- Verlag. 

3. Zhang Y, Zhao Z, Xue Y (2009) Roles of proteolysis in plant self-incompatibility. 
Annu Rev Plant Biol 60: 21-42. 

4. Chen G, Zhang B, Zhao Z, Sui Z, Zhang H, et al. (2010) 'A life or death 
decision' for pollen tubes in S-RNase-based self-incompatibility. J Exp Bot 61: 
2027-2037. 

5. Sassa H, Kakui H, Minamikawa M (2010) Pollen-expressed F-box gene family 
and mechanism of S-RNase-based gametophytic self-incompatibihty (GSI) in 
Rosaceae. Sex Plant Rcprod 23: 39-43. 

6. Tao R, lezzoni AF (2010) The S-RNase-based gametophytic self-incompatibility 
system in Prunus exhibits distinct genetic and molecular features. Scientia 
Horticulturae 124: 423^33. 

7. Meng X, Sun P, Kao TH (2011) S-RNase-based self-incompatibilit>' in Petunia 
inflata. Ann Bot 108: 637-646. 

8. McClure B, Gruz-Garcia F, Romero G (201 1) CJompatibility and incompatibility 
in S-RNase-based systems. .\nn Bot 108: 647-6,')8. 

9. De Franceschi P, Dondini L, Sanzol J (2012) Molectilar bases and evolutionary 
dynamics of self-incompatibility in the Pyrinae (Rosaceae). J Exp Bot 63: 4015— 
4032. 

10. McClure BA, GrayJE, Anderson MA, Clarke AE (1990) Self-incompatibility in 
Mcotima alata involves degradation of pollen rRNA. Nature 347: 757-760. 

11. Luu DT, Qin X, Morse D, Cappadocia M (2000) S-RNase uptake by 
compatible pollen tubes in gametophytic self-incompatibility. Nature 407: 649- 
651. 

12. Goldraij A, Kondo K, Lee GB, Hancock CN, Sivaguru M, et al. (2006) 
Compartmentalization of S-RNase and H'F-B degradation in self-incompatible 
Mcotiana. Nature 439: 80,")-810. 

13. Sassa H, Kakui H, Miyamoto M, Suzuki Y, Hanada T, et al. (2007) ,S' locus F-hox 
brothers', multiple and pollen-specitie F-box genes with .S' haplotype-specific 
polymorphisms in apple and Japanese pear, (ienetics 17,^): 1869—1881. 

14. Minamikawa M, Kakui H, Wang S, Kotoda N, Kikuchi S, et al. (2010) Apple S 
locus region represents a large cluster of related, polymorphic and pollen-specific 
F-box genes. Plant Mol Biol 74: 143-154. 

15. De Franceschi P, Pierantoni L, Dondini L, Grandi M, Sanzol J, et al. (2011) 
Cloning and mapping multiple 5-locus F-box genes in European pear [Pyrus 
communis L.). Tree Genetics & Genomes 7:23 1-240. 

16. Kakui H, Kato M, Ushijima K, Kitaguchi M, Kato S, et al. (2011) Sequence 
divergence and loss-of-funetion phenotypes of S locus F-box brothers genes are 
consistent with non-sell" recognition by multiple pollen determinants in self- 
incompatibility of Japanese pear [Pyrus pyrifotid}. Plant J 68: 1028-1038. 



CULIA (AFJ21664), PavCULlB (AFJ21665), PiCULlG 
(ABB77429), PiCULlC (ABB77428), PhCULl (ACT35735), 
SpCULl (ADU60534), AtCULl (NP_001031575), AtCUL2 

(NP_171797), AtCUL,3A (NP_17400.5), AtCUL3B (NP_177125), 
AtCUL4 (NP_568658), OsCULl-like (LOC_Os01g27150), Os- 
CUL3-like (LOC_Os02g51 180), OsCUL4-like (LO- 
C_Os03g57290), ScCDC53 (NP_010150). 
(PPTX) 

Figure S4 Amino acid sequence alignment of MdCULlA and 
MdCULlB. Amino acid sequences were aligned using Clustal W. 
Conserved sites are marked with asterisks. 
(PPTX) 

Table SI Amino acid identities (%) among MdCULls and other 

plant CULl-like proteins. 

(PPTX) 

Acknowledgments 

We thank H. Kakui of University of Zurich and S. Sakuma of Yokohama 
City University for helpful comments and H. Yamaguchi and Y. Otsuki of 
Chiba University for technical help. 

Author Contributions 

Conceived and designed the experiments: HS MFM. Performed the 
experiments: MFM RK HS. Analyzed the data: MFM SK TK HS. 
Contributed reagents/materials/analysis tools: MFM HS. Wrote the 
paper: MFM HS. 



17. Okada K, Moriya S, Haji T, Abe K (2013) Isolation and characterization of 
multiple F-box genes linked to the Sq- and Sjo-PNase in apple [Malus X domestica 
Borkh.). Plant Rcprod 26: 101-111. 

18. Kubo K, Entam 1', Takara A, Wang N, Fields AM, et al. (2010) Collaborative 
non-self recognition system in .S-RNase-based self-incompatibility. Science 330: 
796-799. 

19. Saito T, Sato Y, Sawamura Y, Shoda M, Takasaki-Yasuda T, et al. (2012) Dual 
recognition of and S4 pistils by S/^ pollen in self-incompatibihty of Japanese 
pear [Pyrus pyrifolia Nakai). Tree Genetics & G«nomes 8: 689-694. 

20. Ushijima K, Yamane H, Watari A, Kakehi E, Ikcda K, et al. (2004) The S 
haplotype-specific F-box protein gene, SFB, is defective in self-compatible 
haplotypes Prunus avium and P. mume. Plant J 39: 573—586. 

21. Sonneveld T, Tobutt KR, Vaughan SP, Robbins TP (2005) Loss of pollen-.S 
function in two self-compatible selections of Prunus avium is associated with 
deletion/mutation of an .V haplotype-specific F-box gene. Plant CJell 17; 37-51. 

22. Kiprcos ET, Pagano M (2000) The F-box protein family. Genome Biology 1: 
3002.3001-3002.3007. 

23. Cardozo T, Pagano M (2004) The SCF ubiquitin ligase: insights into a molecular 
machine. Nat Rev Mol Cell Biol 5: 739-751. 

24. Huang J, Zhao L, Yang Q, Xue Y (2006) AhSSKl, a novel SKPl-like protein 
that interacts with the .9-locus F-box protein SLF. Plant J 46: 780-793. 

25. Zhao L, HuangJ, Zhao Z, Li Q, Sims TL, et al. (2010) The Skpl-like protcm 
SSKl is required for cross-pollen compatibility in S-RNase-based self- 
incompatibility. Plant J 62: 52-63. 

26. .\latsumoto D, Yamane H, ,\be K, I'ao R (2012) Identification of a Skpl-like 
protein interacting with .SFB, the pollen .S' determinant of the gametophytic self- 
incompatibility in Prunus. Plant Physiol 159: 1252-1262. 

27. Xu C, Li M, Wu J, Guo H, li Q, et al. (2013) Identification of a canonical 
gQpSLF (.Qujpigx involved in S-RNase-based self-incompatibility of Pyrm 
(Rosaceae). Plant Mol Biol 81: 245-257. 

28. Li S, Sun P, Wilhams JS, Kao TH (2014) Identification of the self- 
incompatibility' locus F-box protein-containing complex in Petunia inflata. Plant 
Rcprod. doi: 10. 1007/s00497-013-023a-3. 

29. Hua Z, Kao TH (2006) Identification and cliaractcrization of components of a 
putative Petunia ,S-locus F-box-containing E3 ligase complex involved in S- 
RNase-bascd self-incompatibility. Plant Cell 18: 2531-2553. 

30. Hua ZH, Fields ,\, Kao TH (2008) Biochemical models for S-RNase-based self- 
incompatibility. Mol Plant 1: 575-585. 

31. Minamikawa MF, Fujii D, Kakui H, Kotoda N, Sassa H (2013) Identification of 
an S-RNase binding proteinl (SBPl) homolog of apple (Mains X domestica). Plant 
Biotechnology 30: 119-123. 

32. Schulman BA, Garrano .\G, Jeffrey PD, Bowcn Z, Kinnucan ER, et al. (2000) 
Insights into SCF ubiquitin ligases from the structure of the Skpl-Skp2 complex. 
Natiire 408: 381-386. 



PLOS ONE I www.plosone.org 



11 



May 2014 I Volume 9 | Issue 5 | e97642 



5(-pSFBB ( Lji^gj Complexes in Pollen of Apple 



33. Zheng N, Schulman BA, Song L, Miller J[J, Jeffrey PD, et al. (2002) Strueture of 
the Cull-Rbxl-Skpl-F box ^^^^ SGF ubiquitin ligase eomplex. Nature 416: 703— 
709. 

34. Pan ZQ, Kentsis A, Dias DC, Yamoah K, Wu K (2004) NeddS on cullin: 
building an expressway to protein destruction. Oncogene 23: 1985—1997. 

35. Sarikas A, Hartmann T, Pan ZQ(201 1) The cullin protein family. Genome Biol 

12: 220. 

36. Aguiar B, Vicira J, (Jimha AE, I'onseea XA, Rebfiiro-Jaio D, et al. (2013) 
Patterns of evolution at the ganictophytic self-incompatibility Sorbus aucuparia 
(Pyrinae) ,S' pollen genes su];)port the non-self recognition by multiple factors 
model. J Exp Bot 64: 2423-2434. 

37. Okada K, Tonaka N, Moriya Y, Norioka N, Sawamura Y, et al. (2008) Deletion 
of a 236 kb region around S4-KHase in a stylar-part mutant iS'/'"-haplotype of 
Japanese pear. Plant Mol Biol 66: 389-^00. 

38. Ho MS, Tsai PI, Chicn CT (2006) F-box proteins: the key to protein 
degradation. I Biomed Sei 13: 181-191. 

39. SiiiT^ TL. ( )rclanic M (2001) Identification of a S-ribonuclease-binding protein in 
Petunia hybnda. Plant Mol Biol 47: 771-783. 

40. O'Brien M, Major G, Chantha S-G, Matton DP (2004) Isolation of S-RNase 
binding proteins from Solanum chacoense: idcntiiication of an SBP 1 (RING finger 
protein) orthologue. Sex Plant Reprod 17: 81—87. 

41. Lee CB, Swatek KN, McCIure B (2008) Pollen proteins bind to the C-terminal 
domain of .Nicotiana alata pistil arabinogalactan proteins. J Biol Chem 283: 
26965-26973. 

42. Meng X, Hua Z, Sun P, Kao TH (201 1) The amino terminal F-box domain of 
Petunia injlata ,S'-loeus F-box protein is involved in the S-RNase-based self- 
incompatibility mechanism. AoB Plants 2011: plr016. 

43. Sijacic P, Wang X, Skirpan AL, Wang Y, Dowd PE, et al. (2004) Identification 
of the pollen determinant of S-RNase-mediated self-incompatibility. Nature 429: 
302-305. 

44. Li W, Chetelat RT (2010) A pollen factor linking inter- and intraspecilic pollen 
rejection in tomato. Science 330: 1827-1830. 

45. Li W, Chetelat Rl' (2013) The role of a pollen-expressed (.^ullinl protein in 
gametophytie self-incompatibility in Solanum. (ieneties. doi: 10. 1534/genct- 
ics. II 3. 158279. 

46. Lewis D, Crowe LK (1958) Unilateral interspecific incompatibility in flowering 
plants. Heredity 12: 233-256. 



47. GolzJF, Oh HY, Su V, Kusaba M, Newbigm E (2001) Genetic analysis of 
Nicotiana poUen-part mutants is consistent with the presence of an 6-ribonuclease 
inhibitor at the S locus. Proe Nad Acad Sci U S A 98: 15372-15376. 

48. Crane MB, Lewis D (1941) Genetical studies in pears III. Incompatibility and 
sterility. J Genet 43: 31^4. 

49. Lewis D, ModHbowska I (1942) Genetical studies in pears IV. PoUen-tube 
growth and incompatibilitv. J Genet 43: 211—222. 

50. Adaehi Y, Komori S. Ikishikawa Y. Tanaka N, Abe K, et al. (2009) 
Characteristics of fruiting and pollen tube growth of apple autoretraploid 
cultivars showing self-compatibility. J Japan Soe Hort Sci 78: 402-109. 

51. Xue Y, Zhang Y, Yang Li Q, Cheng Z, et al. (2009) Genetic features of a 
pollen-part mutation suggest an inhibitory role for the Antirrhinum pollen self- 
incompatibility determinant. Plant Mol Biol 70: 499-509. 

52. Mase N, Sawamura Y, Yamamoto T, Takada N, Nishio S, et al. (2013) A 
segmental duplication encompassing ^S'-haplotype triggers poUen-part self- 
compatibility in Japanese pear [Pyms pyrijolid). Molecular Breeding. 

53. Hauek NR, Yamane H, Tao R, lezzoni AE (2006) Accumulation of 
nonfunctional ^S-haplotypes results in the breakdown of gametophytie self- 
incompatibility in tetraploid Prunus. Genetics 172: 1191-1198. 

54. Tsukamoto T, Hauck NR, Tao R, Jiang N, lezzoni AF (2006) Molecular 
characterization of three non-functional iS-haplotypes in sour cherry [Prunus 
cerasus). Plant Mol Biol 62: 371-383. 

55. VilEinova S, Badenes ML, Burgos L, Martinez-Calvo J, Llacer G, et al. (2006) 
Self-compatibility of two apricot selections is associated with two poUen-part 
mutations of different nature. Plant Physiol 142: 629-641. 

56. Yamane H, Tao R (2009) Molecular basis of self-(in)compatibility and current 
status of iS'-gcnotyping in Rosaceous fruit trees. JJapan Soc Hort Sci 78: 137- 
157. 

57. Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving die 
sensitivity of progressive multiple sequence alignment through sequence 
weighting, position-specific gap penalties and weight matrix choice. Nucleic 
Acids Res 22: 4673^680. 

58. Saitou N, Nei M (1987) The neighbor-joining method: a new method for 
reconstructing phylogcnetic trees. Mol Biol Evol 4: 406—425. 

59. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al. (2011) MEGA5: 
molecular evolutionary genetics analysis using maximum likelihood, evolution- 
ary distance, and maximum parsimony methods. Mol Biol Evol 28: 2731-2739. 



PLCS ONE I www.plosone.org 



12 



May 2014 I Volume 9 | Issue 5 | e97642 



